Abstract: Cpe1786 of Clostridium perfringens is an Rrf2-type regulator containing the three-cysteine residues coordinating a Fe-S in IscR, the repressor controlling Fe-S homeostasis in enterobacteria. The cpe1786 gene formed an operon with iscSU involved in Fe-S biogenesis and tmrU. This operon was transcribed from a σA-dependent promoter. We showed that in the heterologous host B. subtilis, Cpe1786 renamed IscRCp negatively controlled its own transcription. We constructed an iscR mutant in C. perfringens. We then compared the expression profile of the strain 13 and of the iscR mutant. IscRCp controlled the expression of genes involved in Fe-S biogenesis, in amino-acid or sugar metabolisms, in fermentation pathways and in host compounds utilization. We then demonstrated using a ChIP-PCR experiment that IscRCp interacted with its promoter region in vivo in C. perfringens and with the promoter of cpe2093 encoding an amino-acid ABC transporter. We utilized a comparative genomic approach to infer a candidate IscR-binding motif in clostridia and reconstruct IscR regulons in clostridia. We showed that point mutations in the conserved motif of 29 bp identified upstream of iscR decreased the cysteinedependent repression of iscR mediated by IscRCp.
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38
Clostridium perfringens is a Gram-positive, spore forming anaerobic bacterium. Toxinotype A 39 strains are the causative agent of food poisoning and gas gangrene. Numerous toxins and 40 degradative enzymes secreted by this bacterium contribute to the pathogenicity of fatal infection 41 like gas gangrene [30, 34] . The synergistic actions of these toxins and enzymes on the host tissue 42 are needed for the infection and a coordinated regulation of such virulence factors is observed. In 43 C. perfringens strain 13, the VirS/VirR two-component system is involved in the global 44 regulation of production of several toxins (α-, θ-, κ-toxin) and of other virulence factors 45 (capsular polysaccharide, sialidase, hyaluronidases or other enzymes able to degrade host 46 compounds) [24, 35] . Genes involved in carbon, energy, base and amino acid metabolisms are 47 also controlled by VirS/VirR [24, 35] . The response regulator VirR directly regulates the 48 expression of pfoA encoding the θ-toxin and of three non-coding RNAs, the VR-RNA, VirU and 49
VirT, which in turns control the expression of plc and colA encoding the α-and κ-toxin, 50 respectively [26, 36] . 51
Less is known about the physiology of C. perfringens. The ubiG operon involved in methionine 52
to cysteine conversion and in AI-2 production is controlled by VirS/VirR [25] . Several genes 53 involved in sulfur metabolism are regulated in response to cysteine availability in C. perfringens 54 Diagenode) to shear DNA to an average size of 300-500 bp. After removal of cells debris, the 165 supernatant was incubated in the presence of magnetic beads (Sigma) on a rotating wheel. The 166 magnetic beads were washed twice with buffer A, once with buffer A plus 500 mM NaCl, once 167 with buffer B (10 mM Tris-HCl pH 7.5, 1 mM EDTA, 0.1 % Nonidet-P40) and once with 10 168 mM Tris-HCl pH 7.5, 1 mM EDTA. Proteins were then eluted for 24h at 37°C with 100 µl of 169 elution buffer (50 mM Tris-HCl pH 7.5, 10 mM EDTA, 0.5% SDS, 150 mM NaCl, Triton X-100 170 0.5%). Samples were treated 1h at 56°C in 0.5X elution buffer containing 50 µg of Proteinase K. 171 DNA was purified using the QIAquick PCR purification Kit (QIAGEN). Chromatine 172 immunoprecipitation (ChIP) was analyzed by q-PCRs using primer pairs flanking the cpe1786, 173 cpe0664, cpe1031, cpe1371, cpe2093 and ldh promoter regions (Table S1 ). The reaction mixture 174 contained 1µl of DNA obtained by ChIP from strains CPIP11 or CPIP01, 400 nM primers and 175 10 µl of SYBR Green Mix (Roche) in a total volume of 20 µl. We used gyrA a gene not 176 regulated by Cpe1786 in transcriptome as a control. The ratio of enrichment by ChIP for a target 177 was calculated as follows: 2(Ct target -Ct gyrA ) CPIP11 /(Ct target -Ct gyrA ) CPIP01 . The means of two7 independent experiments was obtained. 179
180
Results
181
The Cpe1786 regulator of C. perfringens 182 Cpe1786 of C. perfringens, a Rrf2-type regulator, shares 50 % identity with the cysteine 183 metabolism repressor CymR from B. subtilis [7] and 37 % and 49 % identity with the Fe-S 184 cluster biogenesis regulator IscR from E. coli [33] and Thermincola potens [31] , respectively. An 185 alignment of CymR-type regulators, IscR-type regulators and Cpe1786 (Fig. S2) indicates that 186 the three-cysteine residues coordinating the Fe-S cluster in IscR are conserved in Cpe1786 [8] . 187
Three genes are located downstream of cpe1786. The cpe1785/iscS and cpe1784/iscU genes 188 encode a cysteine desulfurase and a scaffold protein for Fe-S assembly, respectively [3] while 189 trmU (cpe1783) encodes an enzyme involved in thio-uridylation of tRNAs (Fig. S3A) . The 190 expression of these genes increased during cysteine starvation [1] suggesting that they can form 191 an operon. RT-PCR experiments using primers hybridizing with cpe1786 and iscS, iscS and iscU 192 or iscU and tmrU were performed and confirmed that these genes were cotranscribed (Fig. S1B) . 193
So, cpe1786 of C. perfringens forms an operon with an iscS-type gene and with trmU as found in 194 B. subtilis [7] and with iscS and iscU as observed in E. coli and in T. potens [31, 32] (Fig. S3A) . To study the role of IscR Cp in C. perfringens, we constructed a cpe1786/iscR mutant using the 218
Clostron system [12] . The group II intron was inserted into the iscR gene in antisense orientation 219 immediately after the 28 th nucleotide in its coding sequence. To verify the insertion of the group 220 II intron into iscR, PCRs were carried out using a primer internal of the target gene and the 221 intron-specific primer EBSu or primers flanking the insertion site of the intron (Fig. S1C) . To 222 identify genes regulated by IscR Cp in C. perfringens, we further compared the expression profiles 223 of strain 13 and the iscR mutant after growth in a minimal medium in the presence of cystine. 224 250 genes were differentially expressed in these two strains. We confirmed these transcriptome 225 data by qRT-PCR analysis for several genes (Table 3 ). Some of the controlled genes including 226 those with expression ratio above three-fold between these two strains, those associated with 227 iron-sulfur clusters biogenesis, carbon or sulfur metabolism and the degradation of host 228 compounds are presented in Table 3 . Most of these genes (62 %) were derepressed in an iscR 229 mutant as expected for the inactivation of a repressor. A large set of genes regulated by IscR Cp 230 (50 %) was also regulated in response to cysteine availability [1] . 231 232
Regulation of genes involved in iron-sulfur clusters biogenesis 233
The expression of genes involved in Fe-S cluster biogenesis was up-regulated in the iscR mutant 234 (Table 3) . IscR Cp regulates its own transcription in response to cysteine availability in B. subtilis 235 (Table 2 ). Our transcriptome data also showed a 2-fold increase of iscS, iscU and trmU 236 expression in the iscR mutant. This up-expression of genes located downstream from 237 cpe1786/iscR might be due to the presence of a promoter in the group II intron or in the erm 238 cassette and indicated the absence of a major polar effect of the iscR gene disruption on the 239 expression of the downstream genes. The expression of cpe0664, encoding a 114 amino-acid 240 protein belonging to the HesB family that probably corresponds to an A-type carrier required for 241
Fe-S biogenesis [41] , increased in the iscR mutant (12.5-fold in transcriptome/27-fold in qRT-242 PCR). This gene is also induced during cysteine starvation [1] . IscR Cp controls iscS, iscU and 243 cpe0664 involved in Fe-S clusters biogenesis likely in response to cysteine availability.
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The expression of cpe2092-cpe2093 and cpe1371 increased in the mutant in our transcriptome 245 (Table 3) shares similarity with symporters. The expression cpe1371 is also 5-fold derepressed during 251 cysteine starvation [1] suggesting that Cpe1371 could also play a role in the uptake of sulfur 252 compounds. So, IscR Cp might regulate the uptake systems for sulfur-containing metabolites that 253 might be required for the maintenance of pools of cysteine, the sulfur donor for Fe-S cluster 254
biogenesis. 255 256
Regulation of fermentation pathways 257
The expression of ldh encoding the lactate dehydrogenase increased 38-fold in transcriptome and 258 130-fold in qRT-PCR in the iscR mutant compared to the strain 13 (Table 3 and Fig. 2A) . By 259 contrast, the expression of the cpe2297-cpe2301 operon, encoding the enzymes responsible for 260 acetyl-CoA to butyryl-CoA conversion decreased in the mutant compared to strain 13 (0.1 to 261 0.3-fold). These genes are also regulated in response to cysteine availability [1] . To confirm the 262 role of IscR Cp in the control of fermentation pathways, we analyzed the end products of 263 fermentation of strain 13 and the iscR mutant grown 48h in minimal medium containing cystine. 264
The butyrate production decreased 2.5-fold in the iscR mutant (Fig. 2B ). By contrast, lactate 265 production drastically increased in the iscR mutant in agreement with the huge derepression of 266 ldh transcription in this mutant. So, the modulation of expression of key genes of fermentation 267 pathways correlates with changes in the amount of lactate and butyrate produced. 268
269
Regulation of genes involved in host compounds utilization 270
NagL is a hyaluronidase (µ-toxins), which is probably involved in hyaluronic acid degradation, a 271 host component. The nagL expression was induced in the iscR mutant (3.75 in transcriptome/ 8.8 272 in qRT-PCR) and during cysteine limitation [1] suggesting the involvement of IscR Cp in its 273 regulation in response to cysteine availability. The cpe0818 and cpe0866 genes were also more 274 expressed in the iscR mutant (9.9-and 5.8-fold in transcriptome/16-and 15-fold in qRT-PCR) 275 (Table 3) . Cpe0866, which shares similarity with α-N-acetyl-glucosaminidase, could also 276 degrade host compounds. Finally, Cpe0818 encodes a protein similar to endo-β-N-acetyl-277 glucosaminidases. These enzymes could be involved either in peptidoglycan hydrolysis such as 278 B. subtilis LytD protein or in the hydrolysis between two N-acetyl-glucosamine residues of 279 glycoproteins. Two endo-β-N-acetyl-glucosaminidases that are active on (Man) 6 (GlcNAc) 2 Asn 280 and/or (Man) 5 (GlcNAc) 2 Asn substrates exist in C. perfringens [14] . Cpe0818 probably degrades 281 glycoproteins to provide mannose and N-Acetyl-glucosamine to C. perfringens. Interestingly, an 282 operon encoding a PTS system (Cpe1463 to Cpe1466) belonging to the Mannose/Fructose 283 family of PTS and a gene encoding a phosphomannomutase (Cpe1873) were also up-regulated in 284 the iscR mutant. It is tempting to speculate that Cpe0818, the PTS system and the 285 phosphomannomutase are involved in host glycoprotein degradation and in the uptake and 286 utilization of the released sugars and that IscR Cp coordinately regulates the corresponding genes. 287
288
Identification of IscR Cp direct targets in vivo by chromatine immunoprecipitation 289
Among the large set of genes negatively controlled by IscR Cp in transcriptome, we would like to 290 identify some direct targets. For this purpose, we tested by ChIP the binding in vivo of IscR Cp to 291 a selection of controlled promoters identified in transcriptome. The IscR Cp protein was modified 292 by addition of a C-terminal 3XFlag-tag. The modified gene was expressed under the control of 293 its own promoter. Strain CPIP11 (iscR pDIA5928-iscR-XFlag) and CPIP01 (iscR) used as a 294 control were grown in minimal medium in the presence of cystine that corresponds to conditions 295 of repression by IscR Cp . After in vivo cross-linking, DNA fragments bound to IscR Cp -XFlag were 296 enriched by immunoprecipitation using monoclonal antibodies raised against the XFlag. 297
Immunoprecipitated DNAs were used as templates to amplify the promoter regions of 6 genes 298 derepressed in the iscR mutant in transcriptome. We then performed q-PCR experiments and 299 compared the relative quantity of DNA retained in strain CPIP11 compared to strain CPIP01 300 (iscR). The data were standardized using gyrA, a gene not regulated by IscR Cp , as a control. After 301
ChIP, we detected a 25 +/-1 and 4.5 +/-1 fold enrichment for the iscR and the cpe2093 promoter 302 regions, respectively with strain CPIP11 compared to strain CPIP01. This clearly indicated that 303
IscR Cp controls its own transcription by binding to its promoter region and is a direct regulator of 304 cpe2093-cpe2092 expression. By contrast, we observed an enrichment factor between 1 and 1.5 305
in ChIP experiments for the promoter regions of ldh, cpe0664, cpe1031 and cpe1371. For these 306 genes, it is therefore difficult to discriminate between an absence of binding or a weak 307 interaction of IscR Cp to some of these promoters in our conditions. 308 309
Identification of an IscR Cp binding motif 310
To identify a putative binding motif for IscR Cp , we first compared the promoter regions of iscR 311 and cpe2093. We identified a conserved sequence upstream of these two promoters (Fig. S3B) . 312
In the iscR promoter region, the location of this motif (Fig. 1 ) is in agreement with the 313 requirement for the presence of a DNA sequence between position -41 and +61 to observe a 314 negative control by IscR Cp of its own transcription in B. subtilis (Table 2) . Interestingly, this 315 motif is very similar to the IscR binding sites of the iscR promoter regions of E. coli and T. 316 potens [9, 31] and is conserved in the iscR promoter regions of several clostridia (see 317 discussion). The alignment of the iscR promoters of E. coli, T. potens and C. perfringens and the 318 cpe2093 promoter allowed proposing a conserved motif, AWWGTTGACMAWWW-319 TRMTSGGNWWT (Fig. 3SB) . In all cases, this motif overlaps the -35 boxes of the promoters. 320
To confirm the involvement of this motif in iscR Cp regulation, two point mutations were 321 introduced in conserved nucleotides in this sequence. The PiscR-lacZ fusions containing 322 mutations were introduced at the amyE locus of a B. subtilis ∆cymR thrC::P xylA -iscR Cp strain. 323
The level of β-galactosidase activity was determined after growth in the presence of methionine 324 or cystine (Table 2 ). The replacement of the T at position -22 by a G or the G at position -19 by a 325 A (Fig. 1) led to a partial derepression of iscR expression in the presence of cystine while in a 326 double mutant (T-22G/G-19A), the expression of iscR was only two-fold repressed in the 327 presence of cystine instead of 9-fold for the fusion containing the wild-type promoter region. 328
These results are in agreement with a role of the conserved motif for the cystine-dependent 329 repression of iscR Cp , a repression mediated by IscR Cp . 330
The RegPredict web-server [23] was subsequently used to search for similar DNA motifs and 331 reconstruct candidate IscR regulons in the genomes of 16 Clostridium spp. (Table S2) . A 332 constructed positional-weight-matrix for the identified IscR-binding motif was applied to 333 upstream gene regions in the genomic sequences of clostridia to identify additional candidate 334 sites (Fig. 3) . One or two copies of IscR motif were found upstream of the iscRSU gene cluster in 335 each analyzed genome. We also identified a second potential IscR binding site located 336 downstream of the transcriptional start site of iscR Cp ( Fig. 1 and 3) . Additional candidate sites 337 were found upstream of the suf operons in C. acetobutylicum and C. kluyveri, and of the cysK 338 gene in C. cellulolyticum and C. beijerinckii. Finally, we found additional IscR sites upstream of 339 genes controlled by IscR Cp in the obtained C. perfringens transcriptome (Table 3) . These include 340
potential IscR binding sites in the promoter regions of cpe0664 encoding an A type carrier for 341
Fe-S clusters biogenesis and the lactate dehydrogenase gene ldh (Fig. 3 and Table S2 ). We 342 mapped the promoters of cpe0664 and ldh by RACE (Fig. S4) . In both cases, the potential IscR 
IscR Cp . These regulations may allow C. perfringens maintaining its pools of Fe-S clusters, which 357 play a crucial role in the physiology of clostridia lacking the heme synthesis machinery [17] . 358
Interestingly, IscR Cp also controls the expression of genes involved in fermentation pathways 359 (Fig. 2) and we observe accordingly a decrease of butyrate production and a drastic increase of 360 lactate production in the iscR mutant. The pyruvate to acetyl-CoA conversion is catalyzed by the 361 pyruvate ferredoxin-oxido-reductase (PFOR). This Fe-S enzyme forms CO 2 and acetyl-CoA by 362 oxidizing pyruvate and reducing a 2Fe-4S ferredoxin. This step implies the utilization of several 363
Fe-S clusters while lactate production by the lactate dehydrogenase does not. So, we propose that 364 during cysteine limitation [1] , IscR Cp could reroute the fermentation metabolism increasing ldh 365 expression to reoxidize the NADH produced during glycolysis and limiting the utilization of Fe-366 S clusters. It is intriguing to note that in C. acetobutylicum, lactate production increases under 367 conditions of iron limitation [4] while in C. perfringens ldh expression increases under 368 conditions of sulfur limitation [1] . In both cases, IscR that is probably able to sense iron and 369 sulfur availability might be involved in this control. 370
We then establish using ChIP experiments that IscR Cp directly interacts with the promoter region 371 of iscR Cp and of cpe2093 in vivo in C. perfringens. We further identify a conserved motif 372 overlapping the -35 boxes of these two promoters that share similarities with the IscR binding 373 motifs of E. coli, Erwinia chrysanthemi, Pseudomonas aeruginosa and T. potens [9, 28, 29, 31] . 374
We also propose that a second site is present in the iscR promoter region of C. perfringens as 375 observed in E. coli and T. potens. We further show that this motif is conserved upstream of iscR 376 13 in clostridia (Fig. 3 and Table S2 ). For cpe0664 encoding an A-type scaffold protein involved in 377
Fe-S biogenesis and ldh, we identify DNA sequences located at position allowing repression 378 (Fig. 3 and S4 ) that share similarities to the IscR Cp binding motif. However, we fail to detect a 379 clear binding of IscR Cp to the cpe0664 or the ldh promoter region in vivo in our conditions. It is 380 known that the binding of several proteins to a promoter region may lead to false negatives in 381
ChIP experiments [20] . So, it is interesting to note that a Rex binding site is identified in the ldh 382 promoter region [27] and we cannot exclude that interference might exist between IscR and Rex. 383
In conclusion, in vitro experiments will be required to determine if IscR Cp binds to the candidate 384
IscR binding motifs in the cpe0664 and ldh promoter regions. This will deserve further 385
investigations. 386
Other genes involved in stress response, in metabolism or encoding proteins of unknown 387 functions are regulated both by IscR Cp and in response to cysteine availability [1] . A second class 388 of genes including cpe1031 encoding a regulator, genes involved in host compound utilization or 389 encoding proteins of unknown function seems to be regulated only by IscR Cp IscR Cp for most of the IscR-controlled genes remain to be established and will deserve further 395
investigations. 396
The IscR regulator is absent in aerobic firmicutes but is present in several clostridia. With a few 397 exceptions, the iscR gene is in operon with iscS and iscU (Fig. 3) . The presence of an IscR 398 binding motif upstream of these iscR operons strongly suggests a conserved mechanism of 399 control of Fe-S cluster homeostasis in these clostridia. Interestingly, a putative iscR binding site 400 is also present upstream of the suf operons in C. acetobutylicum and C. kluyveri. In C. 401 acetobutylicum, the Isc system is probably absent while in C. kluyveri like in E. coli and T. 402 potens, both the Isc and Suf machineries are present. In E. coli, the suf genes are positively 403 controlled by IscR in aerobic conditions and IscR is able to bind to the suf promoter region in E. 404 coli and T. potens through a type II binding site [9, 31] . Moreover, we also identify a potential 405
IscR binding motif upstream of cysK of C. cellulolyticum and C. beijerinckii (Fig. 3 and Table  406 S2). While the cysK gene encoding the O-acetylserine-thiol-lyase in C. perfringens is induced 407 under conditions of cysteine starvation through a cysteine specific T-box [1] , the cysK gene in C. Table S2 ) is over-lined. 437 coli [9] and iscR of C. perfringens (Fig 1) . 614 second motif with a score <5 is also indicated. 620 Table S1 . List of oligonucleotides 621 
